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A cDNA clone encoding a small GTP-binding protein, the ADP-ribosylation factor (ARF) was isolated from a cDNA library of Arabidopsis thaliana 
cultured cells. The predicted amino acid sequence was highly homologous to the known yeast, bovine and human ARF sequences. Southern analysis 
of Arubidopsis genomic DNA suggested the existence of at least two copies of ARF genes. The level of ARF mRNA was found to be nearly constant 
during all cell growth stages in suspension cultures. 
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1. INTRODUCTION 2. MATERIALS AND METHODS 
Specific targeting of a protein to its functional site is 
a complex mechanism which requires precise informa- 
tion encoded by the amino acid sequence, and is also 
mediated by an array of molecules controlling the mem- 
brane traffic [l]. A number of GTP-binding proteins are 
known to be involved in the regulation of vesicle-medi- 
ated protein transport through the secretory pathway of 
eukaryotic cells [2,3]. Both heterotrimeric and monom- 
eric GTP-binding proteins are implicated in intracellu- 
lar transport and secretion [4,5]. Structural features of 
the sequences of low molecular weight monomeric pro- 
teins permits them to be divided into two main classes: 
(i) the rab family in mammals and its homologs in yeast, 
YPTl and SEC4, and (ii) the ARF family. The ARF 
protein, i.e. the ADP-ribosylation factor, was first iden- 
tified in mammalian cells as a cofactor required for 
ADP-ribosylation by the cholera toxin of the adenylate 
cyclase G,, subunit [6]. Subsequently, ARF was local- 
ized to the Golgi apparatus of mammalian cells [7] and 
the same protein and corresponding genes were identi- 
fied in yeast [8,9]. These results suggested a more gener- 
alized role for this factor. According to a recent study, 
ARF proteins may modulate vesicle budding and un- 
coating within the Golgi apparatus through a GTP- 
driven cycle [lo]. Here, we report the first characteriza- 
tion of a cDNA encoding a GTP-binding protein of the 
ARF family from higher plants and we study its expres- 
sion in Arabidopsis thaliana cell suspension cultures. 
2.1. Plant material 
Cell suspensions (line T87) derived from Arubrdopsis thaliana L. 
(Heynh.), ecotype Columbia, were isolated and maintained in JPL 
medium as previously reported [l 11. 
2.2. Construction of an Arabidopsis cDNA library 
All routine DNA and RNA manipulations were carried out follow- 
ing procedures described by Sambrook et al. [12]. Total RNA was 
isolated from 18 g of fresh cells harvested 16 h after their transfer into 
a new culture medium. RNA isolation was performed using a phenol- 
chloroform extraction procedure. Poly(A)’ RNA (34pg) was obtained 
by fractionation on ohgo(cellulose (Sigma). The cDNA library 
was constructed into the lambda-ZAP11 vector by unidirectional clon- 
ing using a synthesis kit (Stratagene): 3x lo6 clones were obtained 
from 5 pg poly(A)‘RNA. From an aliquot of the amplified library, 
a recombinant pBluescript SK- phagemid stock was rescued by in vivo 
excision. Recombinant clones were isolated by plating with XLl-Blue 
E. co/i host cells. 
2.3. DNA sequencing and data analysis of ARFl cDNA 
Nucleotide sequencing of randomly selected cDNA clones and the 
isolated ARFl cDNA was carried out on double-stranded templates 
according to the dideoxy chain termination method [13], using Se- 
quenase (USB). Sequence comparisons were performed in GenBank 
or EMBL databases on partial nucleotide sequences of the cDNA 
Inserts using the search program FASTA [14]. Analysis of the ARFl 
cDNA deduced amino acid sequence was performed using programs 
of the University of Wisconsin Genetic Computer Group [15]. 
2.4. Preparation of ARFI and EF-1~ probes 
Correspondence address; M. Axelos, Laboratoire de Biologie 
Moleculaire des Relations Plantes-Microorgamsmes, UMROS INRA- 
CNRS, BP 27, F-31326 Castanet-Tolosan Cedex, France. Fax: 
(33) (61) 28 50 61. 
An ARFI probe was prepared by PCR amplification from the 
ARFl cDNA clone using M 13 oligonucleotide primers and Super Taq 
DNA polymerase (Stehelin) in the conditions described in [16]. The 
EF-la probe corresponded to the Bg[l-BglII fragment of the 3’-coding 
region of the Arubidopsis Al EF-I& gene [17]. The PCR-generated 
ARFl fragment (1027 bp) and the EF-la fragment (404 bp) were 
purified by agarose gel electrophoresis and labelled with [a-3’P]dCTP 
(NEN) by oligo-labelling [12]. 
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2.5. Southern and Northern analyses 
A. t~ljunu (Columbia) plant DNA was isolated according to [18]. 
Minipreparations of total RNA were obtained from Arabidopsis cell 
suspensions (0.5 g fresh cells) using a guanidine hydrochloride/phe- 
nol-chloroform procedure [19]. Southern and Northern blots were 
performed using Hybond N* membranes (Amersham). Hybridiza- 
tions with 32P-labelled ARFl and EF-la probes (6.5 x 10’ cpm . ml-‘) 
were carried out at 65°C in 5 x SSPE/5 x Denhardt’s solution/&S% 
w/v SDS in the presence of 10&g 7 ml-l poly(U) and 33,f&ml-’ denatu- 
rated salmon sperm DNA. Membranes were washed at 65°C in 2 x 
SSPEl 0. I % w/v SDS. 1 x SSPWO. 1% w/v SDS and 0. I x SSPE/O. 1% 
w/v SDS, successively. 
3. RESULTS 
In order to identify genes specifically expressed in 
dividing cells, a cDNA library was constructed in 
lambda-ZAP phage from mRNA isolated from expo- 
nentially growing cells of A. tha~~a~a. A number of 
cDNAs were randomly selected and sequenced. Among 
these clones, we characterized acDNA exhibiting a high 
homology (70% to 77%) to the nucleotidic sequences of 
yeast ARF genes and bovine or human ARF cDNAs. 
The Arabidopsis clone (ARFl) contained an 820 bp 
insert including an open reading frame of 543 nucleo- 
tides encoding a protein of 181 amino acids with a 
calculated M, of 20 580 Da. The accession number of 
the Arabidopsis cDNA sequence deposited in the 
EMBWGenBank database is M95166. 
Comparison of the Arub~do~sis ARFl amino acid 
sequence with ARF from other species [9,20-231, in- 
eluding an ‘ARF-like’ sequence from Drosophila [24] is 
presented in Fig. 1. Except for their amino- and car- 
boxy-termini, the sequences are highly conserved. 
Human ARFl and bovine ARF 2 show the highest 
homologies to the plant sequence, corresponding to 
88% identity and 95-968 similarity accounting for the 
conservative substitutions. The degree of similarity is 
lower for the protozoan G. la~b~ia protein (68% iden- 
tity) while the ‘ARF-like’ sequence from Drosophila is 
still more divergent (56% identity). Different conserved 
motifs can be recognized in the Arabjdo~sis sequence, 
in common with the other ARF proteins (Fig. 1). Three 
of these motifs are identical to the proposed consensus 
sequences involved in GTP binding 1251. The P motif, 
GLDAAGKT for ARF, constitutes the phosphate 
binding loop (consensus sequence GXXXXGKS/T>. 
The G’ motif DXXGQ, part of the sequence 
TVWDVGGQD, characteristic for all ARF except for 
~rosop~~~a ARFL, interacts with the gamma-phosphate 
of GTP, while the G motif NKXD, here NKQD, is 
supposed to be specific for the guaninyl binding. The 
Arabidopsis ARFl sequence also contains homologies 
to sequences impo~ant for other functions. A glycine- 
myristoylation site is recognized at position 2. The N- 
my~stoylation, probably involved in the protein bind- 
ing to the membranes, has been demonstrated for bo- 
vine brain ARF [26]. A potential ASN glycosylation site 
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Fig. 1. Alignment of ARFl DNA deduced amino acid sequences from 
A. thai~ana and other species. Identical ammo acids are indicated by 
dots. References for sequences are: bovine ARF2 1201, human ARFl 
PI], C. albicuns ARFI (221, S. cerevisiae ARF2 [9], G. lamblia ARF 
H7 [23] and D. melunogaster ARFL [24]. Putative motifs involved in 
GTP-binding are overlined. Potential my~stoyIation sites are indi- 
cated by arrows and the ASN-glycosylation site by a star. Potential 
phosphorylation sites are indicated by a closed circle for protein kinase 
C and by an open circle for caseine kinase 2. 
is found at position 60. Putative serine/threonine phos- 
phorylation sites (i) by protein kinase C, are present at 
positions 140 and 147 and (ii) by caseine kinase 2, at 
positions 64 and 161. 
The number of A. tha~~a~a ARF genes was investi- 
gated by Southern analysis (Fig. 2). The pattern of the 
restriction fragments hybridized to the ARFl cDNA 
probe is complex, showing several bands of weak or 
strong signal intensities. These results suggest hat ARF 
is encoded by a multigene family and are consistent with 
the recent isolation of two distinct genomic clones from 
Arabidopsis (data not shown). 
The estimation of the ARF gene transcript levels dur- 
ing the growth cycle of a cell culture was carried out by 
Northern hybridization using the Arabidopsis ARFl 
cDNA probe. A single band of about 0.9 kb was de- 
tected under high stringency conditions (Fig. 3). The 
ARF mRNA level is rather high, compared to the high 
transcript level of the translation elongation factor EF- 
la, an abundant protein of the cell, used as control. In 
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recently [7,10], indicating that ARF is involved in the 
Golgi vesicle-mediated secretory process. In this regard, 
it was interesting to estimate ARF gene expression dur- 
ing cell proliferation, knowing that membrane traffic is 
arrested during mitosis [27]. Our data showed that the 
ARF transcript level was the same in actively dividing 
cells and in quiescent cells, suggesting that the Arabi- 
dopsis ARF gene expression was not dependent on cell 
multiplication. However, we do not know if this gene 
expression may be modulated during the course of the 
cell cycle itself, since the cell divisions were not synchro- 
nized. In HeLa cells, two GTP-binding proteins of the 
rab family are known to be phosphorylated uring M- 
phase by the protein kinase ~34~“‘, a key element in- 
volved in the control of the cell cycle [28]. Arabidopsis 
ARF activity might be regulated by a similar modifica- 
tion: ARF sequence contains several putative serinel 
threonine phosphoacceptor sites, although the absence 
kb 
-3 
-1.8 
-1.2 
- 0.8 
Fig. 2. Southern blot analysis of Arabidopsis DNA. Eight pg of DNA 
were digested with EcoRI (line E) or Hind111 (line H) and fractionated 
by agarose gel electrophoresis. Hybridization was performed using the 
“P-labelled ARFI cDNA probe (see section 2). 
contrast to EF-la expression, the ARF mRNA level 
(relative to total RNA) is nearly constant throughout 
the cell growth cycle, including in stationary phase cells. 
4. DISCUSSION 
We have isolated a clone coding for a protein with 
high homology to the ADP-ribosylation factor ARF 
from an Arabidopsis cDNA library. Gene expression of 
ARF in plants provides additional evidence that this 
protein has roles other than its activity as the cholera 
toxin activator, identified in mammals. However, the 
Arabidopsis ARFI amino acid sequence is highly ho- 
mologous to mammalian ARFs, which are known as 
cofactors of in vitro ADP-ribosylation, in contrast with 
the Drosophila ‘ARF-like’ protein with which homology 
is more restricted and which is not a cofactor of ADP- 
ribosylation [24]. Thus, Arabidopsis ARFl may be in- 
volved with the regulation of cell ADP-ribosyltrans- 
ferases, although these enzymes are not yet character- 
ized in plants. 
0 3 6 9 I2 
CULTURE TIME (days) 
ARF 
EF-la 
Fig. 3. ARF gene expression during the course of an Arubidopsis cell 
suspension culture. A. Growth curve of the culture. Fresh cell weight 
values (g per liter of medium) are plotted on a log scale. B. Northern 
blot analysis of ARF transcript levels. Twelve pug of total RNA iso- 
lated from 0, 3, 6.9 and 12 day-old cells were fractionated by denatu- 
rating-gel electrophoresis [12]. Hybridizations were performed using 
A new role for ARF proteins has been postulated “P-labelled ARFl and EF-la probes (see section 2). 
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of the putative consensus motif T/s PX K/R, specific 
for p34 kinase, might exclude this type of processing. 
Acknowledgements: This work was partly supported by grants from 
the Minis&e de la Recherche et de 1’Espace. We are grateful to D. 
Douilhac for her skilled technical assistance and to N. Grimsley for 
his careful reading of the manuscript. 
REFERENCES 
[ll 
w 
[31 
[41 
[51 
[61 
[71 
[81 
[91 
[lOI 
[JJI 
[121 
1131 
Pryer, N.K. (1992) Annu. Rev. Biochem. 61, 471-516. 
Boume, H.R., Sanders, D.A. and McCormick, F. (1990) Nature 
348, 125-132. 
Hall, A. (1990) Science 249, 635-640. 
Balch, W.E. (1990) Trends Biochem. Sci. 15, 4733477. 
Burgoyne, R.D. (1992) Trends Biochem. Sci. 17, 87-88. 
Kahn, R.A. and Gilman, A.G. (1984) J. Biol. Chem. 259,6228- 
6234. 
Steams, T., Willingham, M.C., Botstein, D. and Kahn, R.A. 
(1990) Proc. Natl. Acad. Sci. USA 87, 1238-1242. 
Sewell, J.L. and Kahn, R.A. (1988) Proc. Natl. Acad. Sci. USA 
85, 4620-4624. 
Steams, T., Kahn, R.A., Botstein, D. and Hoyt, M.A. (1990) 
Mol. Cell. Biol. 10, 6690-6699. 
Serafini, T., Orci, L., Amherdt, M., Brunner, M., Kahn, R.A. and 
Rothman, J.E. (1991) Cell 67, 239-253. 
Axelos, M., Curie, C., Mazzolini, L., Bardet, C. and Lescure, B. 
(1992) Plant Physiol. Biochem. 30, 123-128. 
Sambrook, J., Fritsch, E.F. and Maniatis, T. (1989) Molecular 
Cloning, a Laboratory Manual, Cold Spring Harbor Lab. Press. 
Sanger, F., Nicklen, S. and Coulson, A.R. (1977) Proc. Nat]. 
Acad. Sci. USA 74, 5463-5467. 
[14] Pearson, W.R. and Lipman, D.J. (1988) Proc. Natl. Acad. Sci. 
USA 85, 24442448. 
[15] Devereux, J., Haeberli, P. and Smithies, 0. (1984) Nucleic Acids 
Res. 12, 387-395. 
[16] Hiiiig, C. (1991) Nucleic Acids Res. 19, 61236127. 
[17] Axelos, M., Bardet, C., Liboz, T., Le Van Thai, A., Curie, C. and 
Lescure, B. (1989) Mol. Gen. Genet. 219, 106112. 
[18] Dellaporta, S.L., Wood, J. and Hicks, J.B. (1983) Plant Mol. Biol. 
Rep. 1, 19-21. 
[19] Logemann, J., Schell, J. and Willmitzer, L. (1987)Anal. Biochem. 
163, 1620. 
[20] Price, S.R., Nightingale, M., Tsai, S-C., Williamson, K.C., 
Adamik, R., Chen, H-C., Moss, J. and Vaughan, M. (1988) Proc. 
Natl. Acad. Sci. USA 85, 5488-5491. 
[21] Bobak, D.A., Nightingale, M.S., Murtagh, J.J., Price, S.R., 
Moss, J. and Vaughan, M. (1989) Proc. Nat]. Acad. Sci. USA 86. 
6101-6105. 
[22] Denich, K.T., Malloy, P.J. and Feldman, D. (1992) Gene 110. 
123-128. 
[23] Murtagh Jr., J.J., Mowatt, M.R., Lee, C.-M., Scott Lee, F.-J., 
Mishima, K., Nash, T.E., Moss, J. and Vaughan, M. (1992) J. 
Biol. Chem. 267, 96549662. 
[24] Tamkun, J.W., Kahn, R.A., Kissinger, M., Brizuela, B.J., Rulka, 
C.. Scott, M.P. and Kennison. J.A. (1991) Proc. Natl. Acad. Sci. 
USA 88, 3120-3124. 
[25] Kaziro, Y.. Itoh, H., Kozasa, T., Nakafuko. M. and Satoh. T. 
(1991) Annu. Rev. Biochem. 60, 349400. 
[26] Kahn, R.A., Goddard, C. and Newkuk, M. (1988) J. Biol. Chem. 
263, 8282-8287. 
[27] Warren, G. (1985) Trends Biochem. Sci. 10, 43943. 
[28] Bailly, E., McCaffrey, M., Touchot, N., Zahraoui, A., Goud, B. 
and Bornens, M. (1991) Nature 350. 715-718. 
136 
